. ANDV and LANV, with different patterns of pathogenicity, exist in a sympatric relationship. Moreover, there is documented evidence of person-to-person transmission of ANDV. Therefore, it is important in clinical medicine and epidemiology to know the serotype of a hantavirus causing infection. Truncated SNV, ANDV, and LANV recombinant nucleocapsid proteins (trNs) missing 99 N-terminal amino acids (trN100) were expressed using a baculovirus system, and their applicability for serotyping SNV, ANDV, and LANV infection by the use of enzyme-linked immunosorbent assays (ELISA) was examined. HPS patient sera and natural-reservoir rodent sera infected with SNV, ANDV, and LANV showed the highest optical density (OD) values for homologous trN100 antigens. Since even patient sera with lower IgM and IgG antibody titers were serotyped, the trN100s are therefore considered useful for serotyping with early-acute-phase sera. In contrast, assays testing whole recombinant nucleocapsid protein antigens of SNV, ANDV, and LANV expressed in Escherichia coli detected homologous and heterologous antibodies equally. These results indicated that a screening ELISA using an E. coli-expressed antigen followed by a serotyping ELISA using trN100s is useful for epidemiological surveillance in regions where two or more hantavirus species cocirculate.
Hantaviruses belong to the Hantavirus genus in the Bunyaviridae family. Hantaviruses cause two rodent-borne febrile illnesses in humans, hemorrhagic fever with renal syndrome (HFRS) in the Old World and hantavirus pulmonary syndrome (HPS) in the New World (11, 25) . So far, 23 virus species have been registered within the Hantavirus genus. Among the Old World hantaviruses, Hantaan virus (HTNV), Seoul virus (SEOV), Dobrava-Belgrade virus (DOBV), and Puumala virus (PUUV) are commonly associated with HFRS, while the New World species Sin Nombre virus (SNV), New York virus (NYV), Black Creek Canal virus (BCCV), Andes virus (ANDV), and Laguna Negra virus (LANV) regularly cause HPS in the New World (25) .
Since 1993, when HPS was first identified in the New World (20) , many new hantaviruses with or without human disease have been described throughout North, Central, and South America. ANDV and LANV, with different pathogenicity patterns and with approximately 40% and 15% mortality rates, respectively, exist in a sympatric relationship in Argentina (10, 14) . Moreover, there is documented evidence of person-toperson transmission of some kind of ANDV strain (15, 22) . However, since the neutralization test (NT), which is the only serological assay available for serotyping, needs specialized techniques and equipment and requires a containment laboratory for virus manipulation (2) , serological typing of ANDV and LANV infection has been limited.
Hantavirus virions contain three segmented negative-sense RNAs designated S, M, and L; they encode a nucleocapsid protein (N), enveloped glycoproteins (Gn and Gc), and an RNA-dependent RNA polymerase (L protein), respectively (4) . Hantavirus N is the most abundant viral component in both virions and infected cells and can form a stable trimer (7, 12) . The N of Old World hantaviruses possesses immunodominant linear epitopes around the first 100 amino acids (aa) of the N terminus (6, 8, 32) . These N-terminal epitopes crossreacted with all of the Old World hantaviruses except PUUV. On the other hand, the variable region at around 230 to 302 aa forms serotype-specific epitopes after multimerization of N (30, 36) .
We have developed a baculovirus that expresses truncated recombinant N (trN) lacking 49 aa of the N-terminal end of the N (trN50). trN50 showed decreased reactivity to cross-reactive antibodies but preserved reactivity to serotype-specific anti-bodies after multimerization of trNs. Use of an enzyme-linked immunosorbent assay (ELISA) system with trN50 successfully differentiated four hantavirus infections with HTNV, SEOV, DOBV, and Thailand virus (THAIV) in HFRS patient and rodent sera. Therefore, it seemed that the ELISA was a faster, safer, and simpler serotyping method than and an effective substitute for the NT (2, 19) .
In the present study, we attempted to apply similar N-terminal deletion N antigens for serotyping using ELISA. We first selected SNV, ANDV, and LANV, 3 New World hantaviruses that are major causative agents of HPS, and examined the multimerization of trNs and their antigenic efficacy. We then used the trNs for serotyping of SNV, ANDV, and LANV infections.
MATERIALS AND METHODS
cDNAs and cells. cDNAs containing coding information for N of SNV strain SN 77734 (5), ANDV (23) , and LANV strain 510B (9) were used. High Five cells (Invitrogen, Groningen, Netherlands) were grown in Grace's insect cell culture medium (Invitrogen) supplemented with 10% fetal bovine serum as previously described (2) .
MAbs and human and rodent sera. Monoclonal antibodies (MAbs) to N of HTNV and PUUV were used for antigenic characterization of N by indirect immunofluorescence assay (IFA). MAbs 2E12, 4C3, 4E5, GBO4, ECO2, 1C12, and ECO1 recognize the N-terminal epitope of N. MAbs E5/G6 and F23A1 recognize aa 165 to 173 and aa 291 to 402 of N, respectively. The epitope for MAb C16D11 is unknown (21, 24, 34) .
Eleven serum samples from HPS patients infected with SNV in the United States were kindly supplied by Brian Hjelle of the University of New Mexico Health Sciences Center. Eleven serum samples from HPS patients infected with ANDV and six serum samples from HPS patients infected with LANV were obtained from Argentina. Thirty-one serum samples from Peromyscus maniculatus infected with SNV and five hantavirus-negative serum samples from Peromyscus maniculatus were obtained from Canada. Twenty-three serum samples from Sigmodontinae rodents (Oligoryzomys longicaudatus, Oligoryzomys flavescens, and Akodon azarae) infected with ANDV and five serum samples from LANV-infected Calomys callosus were obtained from Argentina. Hantavirusnegative human sera were obtained from healthy volunteers. Negative-control rodent sera (Sigmodon hispidus) were kindly supplied by Kimiyuki Tsuchiya of Applied Biology Co. Ltd., Tokyo, Japan. The types of virus in sera from the patients and rodents were determined by detection of the virus genome by reverse transcription-PCR (RT-PCR).
Construction of recombinant baculoviruses expressing whole rNs and trNs. The gene encoding whole N (aa 1 to 428) and truncated genes encoding truncated recombinant N (aa 50 to 428 [trN50] and aa 100 to 428 [trN100]) were amplified from cDNA of the S segment by the use of PCR. The primers listed below amplified whole and truncated S segments. A 5Ј SpeI site and a 3Ј XhoI site were introduced into the primers (both sites are shown in italics below). The sequences of the primers (forward and reverse, respectively) were as follows (underlining indicates an added start codon): for SNV whole rN, 5Ј-gacactagtat gagcaccctcaaagaa-3Ј and 5Ј-tacctcgagttaaagtttaagtttaagtggttc-3Ј; for ANDV whole rN, 5Ј-aaaactagtatgagcaacctccaagaa-3Ј and 5Ј-ttactcgagttacagctttaatggc-3Ј; for LANV whole rN, 5Ј-taaactagtatgagcaacctccaagaa-3Ј and 5Ј-actctcgagttagagtt ttaggggttc-3Ј; for SNV trN50, 5Ј-tcgactagtatggctgtgtctgcattggag-3Ј and 5Ј-tacctcg agttaaagtttaagtttaagtggttc-3Ј; for ANDV trN50, 5Ј-agaactagtatggctgtgtctacactgga g-3Ј and 5Ј-ttactcgagttacagctttaatggc-3Ј; for LANV trN50, 5Ј-agcactagtatggctgtgt ctgcattggag-3Ј and 5Ј-actctcgagttagagttttaggggttc-3Ј; for SNV trN100, 5Ј-tcgacta gtatggctgtgtctgcattggag-3Ј and 5Ј-tacctcgagttaaagtttaagtttaagtggttc-3Ј; for ANDV trN100, 5Ј-cgaactagtatgaatgtcctggatgtcaac-3Ј and 5Ј-ttactcgagttacagctttaatggc-3Ј; and for LANV trN100, 5Ј-ctgactagtatgaatgtcctggatgtcaat-3Ј and 5Ј-actctcgagttag agttttaggggttc-3Ј. After amplification, the DNA fractions were subcloned into pFastBac1 (Invitrogen) and were expressed using a Bac-to-Bac baculovirus expression system (Invitrogen) according to the manufacturer's instructions. Mock baculovirus was made from pFastBac1. The titers of recombinant baculoviruses in the culture supernatant were determined by calculation of 50% tissue culture infective dose (TCID 50 ) values with High Five cells.
Preparation of whole rNs and trNs expressed by baculoviruses. High Five cells were infected for 3 days with recombinant baculoviruses at a multiplicity of infection (MOI) of 1. Collection and lysis of infected cells were performed using previously published methods (2) . Briefly, infected High Five cells were collected in phosphate-buffered saline (PBS) with 2.5 ϫ 10 6 cells/ml and sonicated. The cell lysate containing recombinant Ns (rNs) was used as an IgG and IgM ELISA antigen. The cell lysate infected with mock baculovirus was used as a negative control. Expression of rNs of SNV, ANDV, and LANV was confirmed by Western blotting (WB) (data not shown) using previously published methods (35) . High Five cells expressing whole rNs of PUUV and HTNV were prepared as previously described (2) . High Five cells expressing whole rNs and trNs were used for IFA.
Preparation of rNs expressed by E. coli. The whole rNs of SNV, ANDV, and LANV were expressed in Escherichia coli. DNA fractions containing the entire coding region of N were made by digestion of pFastBac1 with SalI and XhoI. The DNA fractions were subcloned into the pET43b vector (Merck KGaA, Darmstadt, Germany) and transfected into E. coli strain BL21(DE3) (Merck KGaA). A single colony was inoculated into Circle growth medium (MP Biomedicals, Morgan Irvine, CA) containing ampicillin (50 g/ml) for small-scale culture incubation at 37°C overnight. The culture fluid was then centrifuged, the collected cells were inoculated into 100 ml of Circle growth medium, and isopropyl-␤-D-1-thiogalactopyranoside (IPTG) induction was performed according to the procedure for pET system expression.
The cultured cells were collected by centrifugation, resuspended in 5 ml of 0.5 M NaCl binding buffer (0.5 M NaCl, 20 mM imidazole, 20 mM potassium phosphate), and sonicated on ice four times for 15 s each time. Thereafter, the fusion protein was purified using a HisTrap HP column (GE Healthcare, Buckinghamshire, United Kingdom) according to the manufacturer's instructions. A negative antigen that included the Nus-tag protein, made from the pET43b vector but not including the hantavirus gene, was used as a negative control. The first 103 aa of the N-terminal region of HTNV N (HTNV HS103) were prepared as previously described (34) . The purity of the recombinant proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (data not shown).
IFA. To characterize the rNs expressed by the baculovirus, we used a previously described IFA (18, 33) . Acetone-fixed smears of High Five cells infected with recombinant baculoviruses were used as antigens.
Detection of multimerized rNs. To detect multimerization of the rNs expressed by the baculovirus, competitive-sandwich ELISA was performed with MAb E5/G6 recognizing aa 165 to 173 as a capture antibody. Briefly, rNs were captured on the plate with MAb E5/G6 followed by detection with the same MAb E5/G6. A positive reaction with this ELISA indicates that the antigens are forming a multimer (36) .
ELISA with whole rNs expressed by E. coli. By the use of whole rNs expressed by E. coli, 96-well plates were first coated overnight at 4°C with 1 g/ml of whole rNs in PBS as a capture antigen. After being washed three times with PBS containing 0.05% Tween 20 (PBS-T), the plates were then blocked with PBS containing 3% bovine serum albumin (BSA) for 1 h at 37°C. After blocking, patient and rodent sera were diluted 1:200 with ELISA buffer (PBS containing 0.5% BSA and 0.05% Tween 20) and added to the plates for 1 h at 37°C. After being washed with PBS-T, bound antibody was detected with peroxidase-labeled goat anti-human IgG (HϩL) antibody (KPL, Gaithersburg, MD) for patient sera, horseradish peroxidase (HRP)-labeled goat antiPeromyscus leucopus IgG (HϩL) antibody (KPL) for Peromyscus rodent sera, or biotin-labeled mouse anti-Sigmodon hispidus IgG antibody for Sigmodontinae rodent sera for 1 h at 37°C. As another step using biotin-labeled mouse anti-Sigmodon hispidus IgG antibody, streptavidin-HRP conjugate (Prozyme, San Leandro, CA) was subjected to reactions for 30 min at 37°C. After being washed, color reactions were performed with o-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich, St. Louis, MO) and allowed to develop for 10 to 15 min. Absorbance was measured at 450 nm by using a SpectraMax 340 microplate spectrophotometer (Molecular Device, Sunnyvale, CA). HTNV HS103 antigen was used as a control for the Old World hantavirus experiments for HTNV infections only. HTNV HS103 antigen has 103 aa of the N terminus and includes cross-reactive epitopes.
Serotyping ELISA with trNs expressed by baculovirus. The serotyping ELISA was carried out as previously described (2, 19) . The plates were coated overnight at 4°C with MAb E5/G6 (2 g/ml in PBS) as a capture antibody. Washing and blocking were carried out in the same manner. After three washes, 10-fold dilutions of rNs were added to the plates for 1 h at 37°C. After washing with PBS-T as described above, 200-fold dilutions of patient and rodent sera were added to the plates and incubated for 1 h at 37°C. The secondary antibody and color development results were the same as those for the ELISA with whole rNs.
IgM ELISA. The IgM ELISA was carried out as previously described (17) . The plates were coated overnight at 4°C with goat anti-human -chain antibody (Cappel, Aurora, OH) in 100 mM carbonate buffer as a capture antibody.
Washing and blocking were carried out in the same manner. After three washes with PBS-T, 200-fold dilutions of patient sera were added to the plates and incubated for 1 h at 37°C. After washing with PBS-T as described above, 10-fold dilutions of SNV whole rN for baculovirus were added to the plates for 1 h at 37°C. After washes were performed, biotin-labeled E5/G6 MAb was subjected to reactions for 1 h at 37°C. After reaction with streptavidin-HRP conjugate (Prozyme), the color was developed with TMB (3,3Ј,5,5Ј-tetramethylbenzidine) for 15 min, and development was stopped with 0.5 M sulfuric acid. Absorbance was measured at 450 nm by using a SpectraMax 340 microplate spectrophotometer (Molecular Device).
RESULTS

Antigenic characterization of rNs expressed by baculovirus.
The IFA tests for antigenic profiling of whole rNs, trN50s, and trN100s expressed in High Five cells were carried out using hantavirus-specific MAbs (Table 1) . Whole rNs of New World hantavirus reacted to cross-reactive MAbs (2E12, 4C3, 4E5, GBO4, 1C12, and ECO1) that recognized immunodominant epitopes of the N terminus of N and to cross-reactive MAbs (E5/G6 and F23A1) that recognized aa 165 to 173 and aa 291 to 402 of N, respectively. TrN50s of SNV, ANDV, and LANV mainly reacted with cross-reactive MAbs (E5/G6 and F23A1) but still remained cross-reactive to MAbs (GBO4 and C16D11) recognizing the N-terminal epitopes. In contrast, trN100s of SNV, ANDV, and LANV reacted to only two cross-reactive MAbs, E5/G6 and F23A1.
Detection of multimerization of rNs. Since E5/G6 reacted to rNs in the IFA, E5/G6 was used in competitive-sandwich ELISA. As shown in Fig. 1 , there was no reaction to trN50s and whole rNs. This implied that the trN50s and whole rNs captured by E5/G6 could not react with E5/G6 as a detector due to competition. Thus, trN50s and whole rNs of SNV, ANDV, and LANV were found as monomers. On the other hand, there were strong reactions to trN100s, indicating that trN100s of SNV, ANDV, and LANV existed as multimers. As the serotype-specific epitopes were considered to be formed after multimerization of trNs, we selected trN100s as ELISA antigens for serotyping ELISA.
Reactivities of whole rNs and trN100s with infected sera. To examine the applicability of the recombinant antigens in ELISA, the ELISA optical density (OD) values determined with whole rNs and trN100s in 28 human and 59 rodent serum samples were compared. As shown in Fig. 2 , when tested using whole rN antigens, SNV, ANDV, and LANV infections were not differentiated because of strong crossreaction. However, HTNV-infected sera reacted strongly only to HTNV antigen of the Old World hantavirus.
On the other hand, the trN100s of SNV, ANDV, and LANV showed serotype-specific reaction patterns. The ELISA ODs of heterologous antigens were less than half of those of homologous reactions for most of the sera tested (Fig. 3) . The mean reactive rate of OD values of serum specimens for heterologous antigens was 37.9%, with 22.9% as the standard deviation (SD) of those for homologous antigens. Therefore, as the mean of the reactive rate for homologous and heterologous antigens plus twice the SD of the OD values was 83.7%, the cutoff value to distinguish homologous and heterologous reactions was tentatively determined to be 80% (Fig. 4) . All of the 28 patient sera and 54 of the 59 rodent sera were serotyped. Although 5 of the rodent sera showed stronger cross-reactivity, the OD values were higher for homologous antigens, except for that of 1 Peromyscus maniculatus anti-SNV serum sample. Detection of IgG and IgM antibodies to whole rN in patient sera. To investigate phase when HPS patient sera were obtained, IgG and IgM antibodies in HPS patient sera were examined by using whole rN of SNV. As shown in Fig. 5a , they were roughly divided into 4 clusters (clusters I, II, III, and IV) based on the levels of IgG and IgM antibodies: low IgG and low IgM, low IgG and moderate IgM, high IgG and high IgM, and high IgG and low IgM. The results shown in anti-HTNV serum, Rattus norvegicus). The total number of hantavirus-positive rodent sera was 59. HTNV-infected patient or rat sera were used as the control for Old World hantavirus infection. The OD value was corrected using the negative-control value. The ELISA was performed three times in duplicate, and the bars show the mean values. Fig. 3a were rearranged in the order of sera classified into each cluster (Fig. 5b) . As shown, irrespective of titers of the IgM and IgG antibody, they were serotyped.
DISCUSSION
At present, NT is the only method for differentiating serotypes of New World hantavirus infections (31) . In this study, we showed that ELISA using N-terminally truncated trN100 antigens of three HPS-associated hantavirus species (SNV, ANDV, and LANV) was able to serologically differentiate serum specimens from SNV-, ANDV-, and LANV-infected patients or rodents (Fig. 3) . On the other hand, whole rN antigens showed strong cross-reactivity with heterologous sera (Fig. 2) . Therefore, screening by ELISA using whole rNs followed by serotyping using trN100s can be recommended as a Fig. 3b were the same as those in Fig. 2b ) in ELISA. A total of 28 patient serum samples and 59 rodent serum samples were used to assess our serotyping ELISA system. HTNV-infected patient or rat sera were used as the control for Old World hantavirus infection. The OD value was corrected using the negative-control value. The ELISA was performed three times in duplicate, and the bars show the mean values. (30) . Consequently, antigenic characterization of rNs was indirectly confirmed using MAbs to Old World hantavirus by IFA. As we expected from our previous study (34) , most of the MAbs that recognized immunodominant epitopes of the N terminus of N for Old World hantaviruses reacted to whole rNs of SNV, ANDV, and LANV but not to trN100s (Table 1) . These results indicate that the first 100 aa of the N terminus of N possess immunodominant, cross-reactive epitopes, as previously reported (6, 8, 32) . Therefore, it is thought that the structure of N of New World hantavirus is similar to that of N of Old World hantavirus.
It has been shown that the Old World hantavirus N built whole rN-whole rN or trN50-trN50 multimers and that both multimers were able to form multimerization-dependent serotype-specific epitopes (36) . In this study, the trN50s and whole rNs of New World hantavirus were found as monomeric N in sandwich ELISA (Fig. 1) . In contrast, the trN100s of SNV, ANDV, and LANV were detected as multimers (Fig. 1) . These results support those of previous studies indicating that the first 100 aa of the N terminus did not contribute to N-N interaction but rather were inhibitory for homotypic interaction (12, 36) . Multimerization of SNV N was confirmed by a yeast two-hybrid method (1) . Thus, we believe that intact Ns of SNV, ANDV, and LANV form multimers in both virions and infected cells. It was considered that such a structural error of rNs was caused by limitations of the baculovirus expression system used in this study. In spite of the uncertainties of the expression system, trN100s were useful as serotyping antigens. Interestingly, the trN50 and whole rN of BCCV were detected as multimers in E5/G6-capture E5/G6-detected ELISA (data not shown). Thus, the functional roles of the N-terminal regions of New World hantaviruses N differ with respect to the capacity to form multimers.
In human cases, it is generally possible to detect viral RNA by RT-PCR in peripheral blood mononuclear cells and in serum samples during the febrile prodrome and early in the course of the cardiopulmonary phase. However, it is difficult to detect viral RNA in blood by the use of RT-PCR after the cardiopulmonary phase (13, 16, 28) . Sera in which IgG and IgM antibody titers are low can be considered to represent a prodrome phase, according to previous data (3, 26, 27, 29) . On the basis of the IgM and IgG antibody titers, the patient sera were divided into 4 clusters (Fig. 5a ). Since clusters I and II contain serum specimens showing low or moderate IgM titers with low IgG antibody titers, the sera might have been obtained early after the onset of infection. Nevertheless, the HPS patient sera in clusters I and II were serotyped in this study (Fig. 5b) . Therefore, the trN100-based typing ELISA is useful not only for latter-phase sera but also for early-acute-phase patient sera. Early differential diagnosis might contribute to the treatment effect in the future.
In conclusion, serologic diagnosis by ELISA with trN100s is rapid, simple, and safe in comparison to NT. This method is expected to be useful for clinical diagnosis and epidemiological surveillance in regions where two or more hantaviruses cocirculate. Although the percentage of amino acid sequence identity between ANDV N and LANV N used in this study was high (90.0%), trN100s were able to reduce cross-reactivity to heterologous sera. Thus, it might be possible to apply this system to other hantaviruses. Patterns of cross-reactions of hantavirus-positive rodent sera to heteroantigens. The mean OD value for rates of reaction of serum specimens to heterologous antigens was 37.9%, with an SD of 22.9% for those to homologous antigens. Therefore, as the mean of the rates of reaction for homologous and heterologous antigens plus twice the SD of the OD values was 83.7%, the cutoff value to distinguish homologous and heterologous reactions was tentatively determined to be 80%. The dotted lines indicate the cutoff value to identify the serotype. *, the numbers indicate the number of serotyped samples (left) and the total number of samples (right). We also acknowledge Stewart Chisholm of the Stewart English School (S.E.S.) for revising the grammar in the final draft. 
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